Abstract. The enhanced motility of cancer cells via the remodeling of the actin cytoskeleton is crucial in the process of cancer cell invasion and metastasis. It was previously demonstrated that gelsolin (GSN) may be involved as a tumor or a metastasis suppressor, depending on the cell lines and model systems used. In the present study, the effect of GSN on the growth and invasion of human colon carcinoma (CC) cells was investigated using reverse transcription quantitative polymerase chain reaction and western blotting. It was observed that upregulation of the expression of GSN in human CC cells significantly reduced the invasiveness of these cells. The expression levels of GSN were observed to be reduced in CC cells, and the reduced expression level of GSN was often associated with a poorer metastasis-free survival rate in patients with CC (P=0.04). In addition, the overexpression of GSN inhibited the invasion of CC cells in vitro. Furthermore, GSN was observed to inhibit signal transducer and activator of transcription (STAT) 3 signaling in CC cells. Together, these results suggested that GSN is critical in regulating cytoskeletal events and inhibits the invasive and/or metastatic potential of CC cells. The results obtained in the present study may improve understanding of the functional and mechanistic links between GSN as a possible tumor suppressor and the STAT3 signaling pathway, with respect to the aggressive nature of CC. In addition, the present study demonstrated the importance of GSN in regulating the invasion and metastasis of CC cells at the molecular level, suggesting that GSN may be a potential predictor of prognosis and treatment success in CC.
Introduction
Colon carcinoma (CC) is the second most common type of malignant tumor and ranks as the third highest cause of cancer-associated mortality worldwide (1) (2) (3) . Although early CC detection and treatment can lead to a good prognosis, the survival rate is low when metastasis occurs (4) (5) (6) . Due to the numerous contributing factors in the development of CC, the pathogenesis remains unclear, therefore, the investigation of novel therapeutic strategies is a key focus in CC research.
Investigations of CC have focused on the identification of dysregulated genes, protein markers, non-encoding RNA, including miroRNA-145 (7) and additional prognostic molecular markers. The aim of these investigation has been to formulate novel strategies for the treatment of CC on the basis of identifying abnormal genes, key molecular targets and CC-associated signaling pathways (8) .
It is widely known that the metastasis of a malignant tumor from the primary source to other tissues and organs is a serious complication in cancer, and is key in the treatment of malignant tumors (9, 10) . Cancer cells acquire motility through the remodeling of the actin cytoskeleton, which is a key process involved in the invasion and metastasis of cancer cells (11) .
Gelsolin (GSN) is a widely expressed actin regulator, which is important in regulating cell motility by severing actin (12, 13) . In addition, GSN is able to regulate cell morphology, proliferation and apoptosis (14) . A previous study demonstrated that the expression levels of GSN are reduced in breast, urinary bladder, colon, kidney, ovary, prostate, gastric and urinary system cancer (15) .
However, whether there is a direct association between the expression of GSN and tumor development remains to be fully elucidated (16) (17) (18) . Previous studies have reported that the overexpression of GSN promotes the motility of tumor cells and enhances their invasiveness by regulating various signaling pathways, including the phosphoinositide 3-kinase (PI3K) and Ras-PI3K-Rac pathways (19, 20) . However, it has been demonstrated that GSN can inhibit epithelial-mesenchymal cell transformation in breast cancer (15) , and act as a suppressor of metastasis in B16 melanoma cells (21) .
In the present study, the role of GSN in the proliferation and invasion of human CC cells was investigated in order to determine whether the overexpression of GSN attenuates the invasiveness of these cells, and whether a reduction in the expression of GSN is associated with the invasiveness of human CC cells or the prognosis of CC patients. This may determine whether stabilizing the expression of GSN inhibits the invasiveness of CC cells.
The signal transducer and activator of transcription (STAT) protein family regulates the expression of several genes, which are involved in cell survival, proliferation and apoptosis (22) (23) (24) (25) . STAT3 is associated with tumor occurrence via promotion of the proliferation and invasion of several types of cancer cell, including human CC cells (26) (27) (28) (29) . The inhibition of STAT3 was observed to inhibit the proliferation of human CC cells, indicating that STAT3 may be a potential target in the treatment of CC (30) (31) (32) (33) (34) .
To further elucidate the role of GSN in CC cells, the present study investigated the effect of the expression of GSN on the STAT signaling pathway, to determine how GSN coordinates with STAT3 to regulate metastasis in CC.
Materials and methods
Tissue specimens and cell culture. A total of 30 paired primary colon tumors and corresponding normal colon tissue specimens were obtained from patients with CC (gender, 13 men and 17 women; mean age, 64.43 years; age range, 23-93 years) who were admitted to Zhongshan Hospital of Fudan University (Shanghai, China) between 2009 and 2011, and from whom informed written consent was obtained.
The selection of CC cases was based on a clear pathological diagnosis and follow-up data in patients who had not previously received local or systemic treatment. Tumor stages were defined, according to the 2002 American Joint Committee on Cancer/International Union against Cancer tumor-node-metastasis classification system (35) . The present study was approved by the Institutional Research Ethics Committee of Zhongshan Hospital of Fudan University. The SW480 and HT29 CC cell lines were cultured in RRMI medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The SW620 and HCT116 CC, and the normal CCD-18Co colon cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. All cell lines were purchased from the Shanghai Cell Institute Country Cell Bank. (Shanghai, China). During tumor resection surgery, fresh tissue samples were harvested from the recruited patients; tumor tissues were obtained from the center of the tumor and adjacent normal tissues from 5 cm away from the tumor margin. The tissue samples were snap-frozen and preserved at -80˚C.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using a PrimeScript RT Reagent kit (Promega Corporation, Madison, WI, USA). The expression level of GSN was analyzed relative to the level of the β-actin gene transcript using an Applied Biosystems 7300 PCR system (Thermo Fisher Scientific, Inc.). First-strand cDNA (2 µl) was amplified in a 20 µl PCR reaction mixture, containing 10 µl 2X SYBR green PCR master mix (Qiagen, Hilden, Germany), 0.4 µl 50X ROX Reference Dye (Thermo Fisher Scientific, Inc.), 0.4 µl of each specific primer set and ddH 2 O added to a total volume of 20 µl. The primer sequences were as follows: β-actin, forward 5'-AGC GAG CAT CCC CCA AAG TT-3' and reverse 5'-GGG CAC GAA GGC TCA TCA TT-3'; and GSN, forward 5'-GGT GTG GCA TCA GGA TTC AAG-3' and reverse 5'-TTT CAT ACC GAT TGC TGT TGGA-3'. The primer sequences were purchased from (Invitrogen; Thermo Fisher Scientific, Inc.). The amplification was performed under the following conditions: 10 min at 95˚C for one cycle, 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The RT-qPCR data were quantified using the comparative Cq method (36) .
Construction of the pGEM-T-GSN vector.
GSN target fragments (Wegene) were recovered and purified using 1% low melting agarose gel electrophoresis (Sigma-Aldrich, St. Louis, MO, USA) and a DNA purification kit (K0512; Thermo Fisher Scientific, Inc.). The purified gene fragments and pGEM-T vector (Promega Corporation, Madison, WI, USA) were combined according to the manufacturer's instructions, and transformed into JM101 competent cells (prepared by the calcium chloride method). Single colonies were randomly selected and added to lysogeny broth (InvivoGen, San Diego, CA, USA) liquid medium (containing ampicillin; Sigma-Aldrich) at 37˚C and agitated for 12 h. Following plasmid extraction, the products were identified by restriction enzyme digestion using HindIII and KpanI (New England BioLabs, Inc., Ipswich, MA, USA). The positive plasmids of the double digested results were sent to Shanghai Invitrogen Biotechnology Co., Ltd. (Shanghai, China) for forward and reverse sequencing. The correct plasmid was identified from the sequencing results and termed pGEM-T-GSN.
DNA transfection. Cells were seeded uniformly into 6-well plates at a density of 3x10 5 cells/well. When the cells were 80% confluent, the recombined pGEM-T-GSN plasmids (1 µl) were transfected into the four CC cell lines and the CCD-18Co normal cells using 3-5 µl Lipofectamine ® 2000 per 200,000-1,000,000 cells (Thermo Fisher Scientific, Inc.).
Invasion and metastasis assays. Tumor cell invasion and metastasis were assessed using a Transwell insert (7 µm; Corning, Inc., Corning, NY, USA). The SW480 and HT29 cells were grown to 85% confluence and then transfected with pGEM-T-GSN or the empty vector. Following transfection for 24 h, the cells (5x10 4 ) were harvested, washed with phosphate-buffered saline, resuspended in 200 µl serum-free medium and seeded into the upper chamber of the Transwell insert. A total of 600 µl DMEM, containing 10% FBS as a chemoattrac tant, was added to the lower chamber. For the invasion assay, the inserts were precoated with 30 µl Corning Matrigel Matrix (Corning Inc.) and 6x10 4 cells were added to the upper chamber. Following incubation for 24 h at 37˚C in a humidified atmosphere of 5% CO 2 , non-migrating (non-invading) cells were removed from the upper surface of the filter with a cotton-tipped swab. The cells on the lower surface of the filter were fixed in 4% formaldehyde (Sigma-Aldrich) and stained with crystal violet staining solution (Sigma-Aldrich). Following staining, five randomly-selected fields were counted at a magnification of x100 using Eclipse E200-LED microscope (Nikon Corporation, Tokyo, Japan). All obtained data were from a minimum of three independent experiments performed in duplicate.
Western blot analysis. The cells and tissues were homogenized in radioimmunoprecipitation assay buffer, containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 and 1 µg/ml leupeptin (Cell Signaling Technology, Inc., Danvers, MA USA). The protein concentration was determined using a Bicinchoninic Acid Protein Assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). Protein (20 µg) was subjected to a 4-12% gradient Bis-Tris Gel (Invitrogen; Thermo Fisher Scientific, Inc.) and electrotransferred onto a Hybond-enhanced chemiluminescence nitrocellulose membrane (GE Healthcare Life Sciences, Chalfont, UK). Following the transfer, the membrane was washed with 25 ml Tris-buffered saline (TBS; Cell Signaling Technology, Inc.) for 5 min at room temperature, incubated in 25 ml blocking buffer (Cell Signaling Technology, Inc.) for 1 hr at room temperature, washed three times for 5 min each with 15 ml TBS Tween 20 (TBST; Cell Signaling Technology, Inc.). The membrane was then incubated with rabbit anti-GSN monoclonal antibody (1:25,000, cat. no. ab7583; Abcam, Cambridge, MA, USA) overnight at 4˚C, washed three times for 5 min with 15 ml TBST, and incubated with the goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1:500) for 1 h at room temperature. Finally, it was washed three times for 5 min with 15 ml TBST. The reaction was detected using an enhanced chemiluminescence system (GE Healthcare Life Sciences). The membranes were then reprobed using a mouse monoclonal anti-GAPDH antibody (cat. no. ab9484; Abcam) as an internal control.
Immunohistochemistry. Immunohistochemical analysis was performed on paraffin-embedded sections using an Envision kit (Dako, Glostrup, Denmark), according to the manufacturer's protocol. The sections were autoclaved for 10 min at 121˚C for antigen retrieval. Anti-GSN monoclonal antibodies (Upstate Biotechnology Inc.) were applied to the sections at 1:100. The presence of staining was evaluated by a single pathologist, according to the overall level of the immunostaining.
Statistical analysis. Statistical analysis was performed using SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA). The differences between variables were assessed by the χ 2 test or Fisher's exact test. The survival rates of patients with CC were analyzed using Kaplan-Meier analysis, and a log rank test was used to compare the survival curves. Data derived from the cell line experiments are presented as the mean ± standard deviation and assessed using a two-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of GSN in the human CC specimens.
The expression of GSN was detected in human CC specimens and CC cell lines (Fig. 1) . A total of 30 paired primary colon tumor and corresponding normal colon tissue samples were screened using immunohistochemical staining with anti-GSN antibodies ( Fig. 1A; right panel) and RT-qPCR. Partial sections from the same tissues were then stained with HE to confirm the presence of tumorous tissue ( Fig. 1A; left panel) . Tissues containing >90% tumor cells were defined as tumors for further quantitative assessment of the expression of GSN using RT-qPCR.
Low expression levels of GSN are detected in CC cell lines.
The expression levels of GSN were measured using RT-qPCR in the SW480, HT29, SW620 and HCT116 cell lines, and 30 paired CC and adjacent non-neoplastic colon tissues. The results demonstrated that the expression levels of GSN in the four CC cell lines were significantly lower, compared with those in the normal CCD-18Co cell line, with the lowest level in the SW480 cell line (Fig. 1B) .
Expression of GSN is downregulated in the majority of CC specimens.
The expression levels of GSN was high in the non-cancerous tissues. The mean expression levels of GSN in the CC tissue were significantly reduced, compared with the non-cancerous tissue (P<0.01; Fig. 2A ). Western blot analysis was performed to measure the protein expression levels of GSN in the four CC cell lines, and was compared with the results of the RT-qPCR. It was observed that the mRNA expression of GSN was reduced, with the greatest reduction in the SW480 cells (Fig. 1B) . This was reflected by the western blotting, which indicated the greatest reduction in protein expression levels of GSN in the SW480 cells (Fig. 1C) .
Low expression levels of GSN are associated with a poor metastasis-free survival (MFS) rate.
To investigate the correlation between the clinicopathological parameters and the expression of GSN in patients with CC, expression levels of GSN in the 30 CC tissue specimens were measured using RT-qPCR. Low or high levels of GSN in the tumor were defined when the normalized expression of GSN resided in the <50% or >50% of the tumor, respectively. Accordingly, a low level of GSN was detected in 16/30 CC specimens (53.3%), whereas a high level of GSN was detected in the remaining 14/30 CC specimens (46.6%; Fig. 2C ). Correlation analysis indicated that low expression levels of GSN were significantly associated with tumor metastasis (P=0.012; Fig. 2B ). Kaplan-Meier analysis indicated that a low expression levels of GSN were associated with reduced MFS in the patients with CC (P=0.0428; Fig. 2C ).
High expression levels of GSN suppress the invasion of SW480 and HT29 cells in vitro.
Overexpression of GSN in GSN transfected SW480 and HT29 cells, and vector-transfected SW480 and HT29 cells, measured using RT-qPCR (Fig. 3A) and western blotting (Fig. 3B) . The expression of GSN in GSN-transfected SW480 and HT29 cells was higher compared with that in the control group (P<0.05). It was observed that the proliferation of SW480 and HT29 cells remained almost the same initially ( Fig. 3C and D) . Following transfection for 24 h with p-GEM-T-GSN or vector controls, vector-SW480 and vector-HT29 cells proliferated at a higher rate, compared with the GSN-transfected SW480 and HT29 cells. At 3 days post-transfection, the rate of proliferation was significantly different between the vector-transfected SW480 and HT-29 cells and their corresponding GSN-transfected cells (P=0.0312 and P=0.0217, respectively; Fig. 3C and D) , suggesting that the overexpression of GSN inhibited the proliferation of SW480 and HT29 cells.
Furthermore, the relative number of invasive cells in the vector-transfected cells was significantly lower, compared with the GSN-transfected SW480 cells (P=0.023) and HT29 cells (P=0.011; Fig. 3E ), suggesting that increased expression levels of GSN suppressed the invasion of the GSN-transfected SW480 and HT29 cells. 
Overexpression of GSN reduces the expression levels of matrix metalloproteinase 2 (MMP2), BCL-2 and phosphorylated (p)-STAT3 in SW480 and HT29 cells. As presented in
Discussion
The abnormal regulation of cell migration is the primary cause of several diseases, including the invasion and migration of tumor cells. The migration of tumor cells across tissue barriers requires the degradation of specific components of the extracellular matrix, which triggers alterations in the interaction between the actin cytoskeleton and extracellular matrix proteins (37, 38) . This process is affected by multiple factors, is dependant on adhesion molecule receptors and is regulated by specific actin binding factors (39) . The involvement of specific actin binding factors in the migration of tumor cells has received increased attention. GSN is a protein that is widely expressed intracellularly, including in the cytoplasm and mitochondria, and extracellularly, including the plasma (40) . GSN can inhibit apoptosis by stabilizing mitochondria (41) . Previous studies have demonstrated that GSN is involved in the regulation of epithelial-mesenchymal cell transformation (12) , and that the expression of GSN expression can inhibit the migration potential of several types of human cancer cells (42) .
In the present study, RT-qPCR was used to analyze the mRNA expression levels of GSN in CC cells, and the results revealed that there were significant reductions in the expression levels of GSN, compared with the levels of expression in the normal colon tissue (Fig. 1) . In addition, the correlation between the expression levels of GSN and clinicopathological parameters was investigated, which indicated that the expression levels of GSN were reduced in 16/30 patients diagnosed with metastatic CC, and were higher in the remaining 14 patients without metastatic CC. The mean expression level of GSN in the CC tissue was significantly reduced, compared with that in the non-cancerous tissue (P<0.01; Fig. 2A ). Additionally, western blot analysis was performed in the present study to measure the expression levels of GSN in SW480, HT29, SW620 and HCT116 cell lines, which was observed to be downregulated in all four CC cell lines (Fig. 1C) . These results suggested that GSN may be associated with the invasiveness of tumor cells, however, further investigations with a larger sample size are required to confirm this conclusion.
The results of the correlation analysis indicated that lower expression levels of GSN were associated with metastasis in the patients with CC (P=0.012; Fig. 2B ). Kaplan-Meier analysis indicated that low expression levels of GSN were associated with the reduced rates of survival in patients with metastatic CC (P=0.0428; Fig. 2C ). These results suggested that reduced expression of GSN may assist in the assessment of prognosis in patients with CC, and may represent a novel prognostic marker in CC.
A previous study reported the persistent activation of STAT proteins in several human cancer cell lines, including leukemia, multiple myeloma, breast cancer and prostate cancer (43) . Cross-Knorr et al (44) reported that the low expression levels of P-STAT3, MMP-2 and BCL-2 were associated with the invasiveness of tumor cells. Notably, the present study indicated that the overexpression of GSN in SW480 and HT29 cell lines downregulated the expression levels of P-STAT3, MMP-2 and BCL-2. In addition, it was observed that the invasiveness of the SW480 and HT29 cells was reduced when GSN was overexpressed (Fig. 3) . Therefore, the present study hypothesized that a low expression level of GSN results in persistent activation of P-STAT3, MMP-2 and BCL-2 via a specific molecular mechanisms, which further induces CC metastasis. By contrast, the overexpression of GSN may reduce this activation, thereby inhibiting CC metastasis.
Low or depleted expression levels of GSN appear to reflect the degree of CC malignancy, however, further investigations are required to validate the predictive value of GSN on the prognosis of CC.
In conclusion, to the best of our knowledge, the present study is the first to report the association between the mRNA expression of GSN and the survival rate of patients with metastatic CC. In addition, the present study indicated the potential diagnostic value of low expression levels of GSN as a prognostic factor in postoperative patients with CC. The findings indicate the potential of using the mRNA expression level of GSN as a biomarker to assess the degree of tumor malignancy. However, whether GSN may be used as a treatment target or a marker of clinical tumor treatment requires further investigation.
